INTRODUCTION
The human multidrug resistance P-gp (P-glycoprotein; ABCB1) is an ATP-dependent transporter that catalyses the efflux of hydrophobic molecules out of the cell [1] . The physiological role of P-gp is unknown because studies on knockout mice show that it is not essential for viability or reproduction but the mice demonstrate hypersensitivity to cytotoxic compounds [2] . The protein is expressed in relatively high levels in the apical membranes of epithelial cells of intestine, kidney, liver and blood-brain/testes barriers [3] and its presence in these organs suggests that it may protect us from cytotoxic compounds in our diets and environment. P-gp is clinically important because of its potential to undermine cancer and AIDS/HIV chemotherapies [4] . P-gp is a 170 kDa plasma membrane protein and is one of 48 members of the ABC transporter (ATP-binding-cassette transporter) family found in humans [5] . It has 1280 amino acids that are organized as two similar halves (43 % amino acid identity) and are joined by a linker region [6] . Each half has a TMD [TM (transmembrane) domain] containing six TM segments followed by a hydrophilic NBD (nucleotide-binding domain) [7] .
The minimum functional unit in P-gp is a monomer [8] , although the two halves of the molecule do not have to be covalently linked for function [9] . The interface between the two halves of the molecule is critical for function because the ATP-binding sites are located between the NBDs [10, 11] . Although both NBDs can hydrolyse ATP, inhibition at either site inhibits the activity of the protein [12, 13] . P-gp may hydrolyse ATP by an alternating mechanism [13] .
Similarly, the drug-binding pocket is located between the TMDs of P-gp [14] [15] [16] [17] [18] . A deletion mutant that lacked both NBDs retained the ability to bind drug substrates [9] . It has been proposed that P-gp may have up to four distinct drug-binding sites [19] [20] [21] [22] and that each substrate has a distinct binding site. One way to reconcile the ability of P-gp to bind and transport numerous structurally unrelated compounds is to propose a common drugbinding pocket at the interface between the TMDs and that substrates bind through a 'substrate-induced fit' mechanism [17, 23] . In this mechanism, a substrate would generate its own binding site by using various combinations of residues from different TMs. The number and types of residues involved in binding the substrate would determine its affinity for the substrate. Therefore binding of a relatively large molecule such as cyclosporin A most likely involves many more residues than binding of a relatively small molecule such as verapamil, and may account for P-gp having a higher affinity for cyclosporin than verapamil [24] . Also, structurally different substrates could share the same residues during drug binding.
To determine the mechanism of P-gp, it is important to identify TMs that contribute residues to the drug-binding pocket and to understand how substrate binding is coupled with ATP hydrolysis. Recently, we revised the TM packing model of P-gp based on results from cross-linking studies [25] [26] [27] and by comparison with the crystal structure of the bacterial ABC transporter MsbA [28] . In the revised model, TM1 (TM segment 1) is close to TM4-TM6 that are predicted to line the drug-binding pocket. Another observation indicating that TM1 may lie close to TM6 is that mutations in TM6 can alter the protease sensitivity of the Abbreviations used: ABC transporter, ATP-binding-cassette transporter; BHK cell, baby hamster kidney cell; calcein-AM, calcein acetoxymethyl ester; DTT, dithiothreitol; HEK-293 cell, human embryonic kidney 293 cell; M4M, 1,4-butanediyl bismethanethiosulphonate; M8M, 3,6-dioxaoctane-1,8-diyl bismethanethiosulphonate; M11M, 3,6,9-trioxaundecane-1,11-diyl bismethanethiosulphonate; M17M, 3,6,9,12,15-pentaoxaheptadecane-1, 17-diyl bismethanethiosulphonate; MTS, methanethiosulphonate; NBD, nucleotide-binding domain; P-gp, P-glycoprotein; PXR, pregnane X receptor; TBS, Tris-buffered saline; TM, transmembrane; TM1 (etc.), TM segment 1 (etc.); TMD, TM domain; TMD1, N-terminal TMD containing TM1-TM6; TMD2, C-terminal TMD containing TM7-TM12. 1 To whom correspondence should be addressed, extracellular end of TM1 [29] . Recently, it was shown that ATP hydrolysis promoted interactions between the extracellular ends to TM1 and TM11 [30] . Since residues in TM11 have been shown to contribute to substrate binding [15, 31] , interactions between TM1 and TM11 during ATP hydrolysis suggested that TM1 could also contribute to drug binding.
In the present study, we used cysteine-scanning mutagenesis and reaction with a thiol-reactive analogue of verapamil, MTS (methanethiosulphonate)-verapamil, to test for activation of ATP hydrolysis after covalent modification of residues in TM1.
MATERIALS AND METHODS

Construction of mutants
Cysteine-less (Cys-less) P-gp was constructed by replacing the seven endogenous cysteine residues at positions 137, 431, 717, 956, 1074, 1125 and 1227 with alanine residues [7] . None of the cysteine residues are essential for function [7] . Single cysteine residues were then introduced at each position in TM1 (residues 51-71) in the Cys-less P-gp as described previously [32] . All of the mutants contained a His 10 tag at the C-terminal end to facilitate purification of the mutant P-gp by nickel-chelate chromatography [33] . A series of double cysteine mutants containing L65C in TM1 with another cysteine in TMD2 (C-terminal TMD containing TM7-TM12) predicted to line the drug-binding pocket [34] (i.e. F942C or T945C in TM11 and L975C, V981C, V982C, G984C or A985C in TM12) were also constructed for cross-linking analysis. A His-tagged mutant containing two cysteine residues L65C(TM1)/I306C(TM5) was also constructed.
Expression of mutants
The mutant P-gps were transiently expressed in HEK-293 cells (human embryonic kidney 293 cells) as described previously [33] . The mutant L65C was also stably expressed in BHK cells (baby hamster kidney cells). Briefly, BHK cells were transfected with the His-tagged mutant L65C cDNA in pMT21 as described previously [35] . P-gp-expressing cells were selected on 2 nM vinblastine and P-gp expression was confirmed by subjecting whole cell lysates to immunoblot analysis with rabbit polyclonal antibody against P-gp [36] followed by enhanced chemiluminescence (Pierce, Rockford, IL, U.S.A.). BHK or HEK-293 cells expressing mutant L65C were also grown in the presence of 10 µM cyclosporin A for 24 h because it acts as a pharmacological/specific chemical chaperone to increase the yield of mature enzyme [37] . To prevent potential interference of cyclosporin A in subsequent labelling or disulphide cross-linking studies, the cyclosporin A-treated cells were grown in the absence of cyclosporin A for 24 h before harvest.
Reaction with MTS-verapamil and measurement of ATPase activity
HEK-293 or BHK cells expressing His-tagged mutant L65C from 20 (10 cm diameter) plates were washed three times with PBS (10 mM sodium phosphate, pH 7.4, and 150 mM NaCl) and then suspended in a total volume of 1.5 ml of TBS (Trisbuffered saline; 10 mM Tris/HCl, pH 8.0, and 150 mM NaCl). The cells were solubilized by addition of an equal volume of TBS containing 2 % (w/v) n-dodecyl-β-D-maltoside. Insoluble material was removed by centrifugation at 16 000 g for 15 min at 4
• C. DNA was removed from the supernatant by passage through a miniprep plasmid DNA spin column (Qiagen, Mississauga, ON, Canada). Half of the supernatant (1.3 ml) was then incubated with the desired concentration of MTS-verapamil (0-1 mM) for 10 min at 20
• C, while the remaining sample served as an untreated control. In the drug protection studies, the solubilized material was pre-incubated with 3 mM rhodamine B or 2 mM verapamil (saturating concentrations) for 10 min at 20
• C prior to labelling with MTS-verapamil. The samples were then cooled in an ice bath, followed by addition of 0.15 ml of 3 M NaCl and 0.05 ml of 1 M imidazole (pH 7.0). His-tagged P-gp was then isolated by nickel-chelate chromatography as described previously [33] . The recovery of P-gp was monitored by immunoblot analysis with rabbit anti-P-gp polyclonal antibody [36] .
A sample of the isolated His-tagged P-gp was mixed with an equal volume of 10 mg/ml sheep brain phosphatidylethanolamine (Type II-S; Sigma) or 10 mg/ml Escherichia coli lipids (Avanti Polar Lipids, Alabaster, AL, U.S.A.) that had been washed and suspended in TBS. The sample was sonicated and ATPase activity was measured in the absence of drug substrate or in the presence of saturating levels of calcein-AM (calcein acetoxymethyl ester; 0.6 mM), demecolcine (3 mM), verapamil (1 mM), cyclosporin A (0.15 mM) or trans-(E)-flupentixol (0.6 mM) [38] . The samples were incubated for 30 min at 37
• C and the amount of inorganic phosphate released was determined [39] .
To determine the characteristics of the single cysteine P-gp mutants that were not exposed to MTS-verapamil, the mutant P-gps were assayed for drug-stimulated ATPase activity in the presence of various concentrations of verapamil (1-1000 µM), vinblastine (0.6-60 µM) or colchicine (0.1-10 mM).
Disulphide cross-linking analysis
Mutants L65C, F942C, T945C, L975C, V981C, V982C, G984C, A985C, L65C/F942C, L65C/T945C, L65C/975C, L65C/V981C, L65C/V982C, L65C/G984C and L65C/A985C were transiently expressed in HEK-293 cells. The cells were harvested and washed three times with PBS (pH 7.4) and the membranes were prepared as described previously [25] . The membranes were suspended in TBS. A sample of the membrane was then treated with zero-length cross-linker (1 mM copper phenanthroline) or with 0.2 mM of the homobifunctional MTS cross-linkers with spacer arms of various lengths [M4M (1,4-butanediyl bismethanethiosulphonate; 7.8 Å spacer arm; 1 Å = 0.1 nm), M8M (3,6-dioxaoctane-1,8-diyl bismethanethiosulphonate; 13 Å), M11M (3,6,9-trioxaundecane-1,11-diyl bismethanethiosulphonate; 16.9 Å) or M17M (3,6,9,12,15-pentaoxaheptadecane-1,17-diyl bismethanethiosulphonate; 24.7 Å)] (Toronto Research Chemicals, Toronto, ON, Canada) for 15 min at 4
• C [16] . The reactions were stopped by addition of 2 × SDS sample buffer [125 mM Tris/HCl, pH 6.8, 20 % (v/v) glycerol and 4 % (w/v) SDS] containing 50 mM EDTA and no reducing agent. The reaction mixtures were then subjected to SDS/PAGE (7.5 % gel) and immunoblot analysis with a rabbit polyclonal antibody against P-gp [36] . Intramolecular disulphide cross-linking between TMD1 (N-terminal TMD containing TM1-TM6) and TMD2 can be detected because the cross-linked product migrates with a slower mobility on SDS/polyacrylamide gels [38] . Figure 1A ). To identify TMs that line the drug-binding pocket, we previously used cysteinescanning mutagenesis followed by reaction with thiol-reactive analogues of drug substrates such as verapamil and Rhodamine to determine those residues which when modified resulted in inhibition of ATPase activity. The rationale in those studies was that drug binding stimulated ATPase activity and therefore covalent modification of residues in the drug-binding pocket should inhibit the ATPase activity. The results from such studies showed that TM4-TM6 of TMD1 and TM9-TM12 of TMD2 line the drugbinding pocket [15, 17, 32] .
RESULTS
P-gp contains 12 TM segments (
In our revised P-gp model for TM packing, TM1 is placed close to TM5 and TM6 ( Figure 1B ). This model is based on results from disulphide cross-linking studies [26, 27] and comparison with the crystal structure of the bacterial transporter, MsbA [28] . Although TM1 is now predicted to contribute to the drug-binding pocket, we did not see any evidence that TM1 was important for drug binding in previous cysteine-scanning mutagenesis and thiol-reactivity studies in assays that were designed to detect for inhibition of ATPase activity [15, 17, 32] . It was later found, however, that covalent attachment of a drug substrate to P-gp did not always inhibit drug-stimulated ATPase activity. For example, modification of Cys 306 in TM5 with MTS-verapamil [40] or Cys 343 in TM6 with MTS-Rhodamine [41] permanently activated the ATPase activity of P-gp. The covalently-attached molecule ( Figure 2A ) appeared to mimic P-gp interactions with normal verapamil or Rhodamine since maximal drug-stimulated ATPase activities were obtained after covalent modification and labelling of P-gp by MTS-verapamil or MTS-Rhodamine could be blocked by the presence of verapamil or Rhodamine respectively [40, 41] .
Therefore we tested whether labelling of any cysteine residue introduced into TM1 by MTS-verapamil could also result in permanent activation of ATPase activity. MTS-verapamil was selected for the study because verapamil is one of the most potent activators of P-gp ATPase activity [31] . Accordingly, we constructed cysteine mutants that contained a cysteine residue at positions 51-71 of TM1 of the His-tagged Cys-less P-gp and transiently expressed the mutants in HEK-293 cells. A potential complicating factor in our earlier study to screen for mutants His-tagged Cys-less or mutants M51C-V71C P-gps were expressed in HEK-293 cells and solubilized with n-dodecyl-β-D-maltoside. Insoluble material was removed by centrifugation and the supernatants were treated with or without 1 mM MTS-verapamil. His-tagged P-gps were then isolated by nickel-chelate chromatography. Equivalent amounts of P-gp were mixed with lipid, sonicated and assayed for ATPase activity in the absence of drug substrate. The fold stimulation is the ratio of activity of a sample treated with MTS-verapamil to that in an untreated sample. Each value is the average of three different experiments. ND, not determined because of low expression. (C) His-tagged mutant L65C expressed in HEK-293 cells was solubilized with n-dodecyl-β-D-maltoside, treated with various concentrations of MTS-verapamil and isolated by nickel-chelate chromatography. The ATPase activities of the isolated protein were determined as described above.
showing permanent activation after reaction with MTS-verapamil was that the presence of cyclosporin A in the growth media could inhibit labelling [40] . Therefore the cells were grown in the absence of cyclosporin A for 24 h prior to harvest. The single cysteine mutants were first isolated by nickel-chelate chromatography and ATPase activity was determined in the presence of various concentrations of verapamil, colchicine or vinblastine. Colchicine and vinblastine were included because they are classic substrates of P-gp [1] . Table 1 shows that all mutants, except for mutants H61C and G64C, showed characteristics similar to that of the Cys-less parent. Mutants H61C and G64C showed approx. 4-5-fold reduction in apparent affinity for verapamil and had smaller reductions in affinity for colchicine. Mutant H61C also exhibited a reduction in the apparent affinity for vinblastine. The activities of mutants V52C, G54C and G62C were not determined because of very low expression [32] .
To test for interaction of the TM1 single cysteine mutants with MTS-verapamil, cells expressing each mutant were then solubilized with n-dodecyl-β-D-maltoside. The insoluble material was removed and the extracts were treated with or without 1 mM MTSverapamil. His-tagged P-gp was then isolated by nickel-chelate chromatography, a step that also removed unchanged MTSverapamil. Treatment of the P-gp mutants with MTS-verapamil did not affect their subsequent recovery by nickel-chelate chromatography (results not shown). The isolated P-gps were then mixed with lipid, sonicated and ATPase activity was determined. Figure 2(B) shows that Cys-less P-gp treated with 1 mM MTSverapamil did not exhibit enhanced ATPase activity compared with an untreated sample. We found that the activity of only one cysteine mutant in TM1 (L65C) was permanently activated after treatment with MTS-verapamil ( Figure 2B ). Mutant L65C showed a 10.7-fold increase in activity after modification with 0.3-1 mM MTS-verapamil compared with an untreated control. The halfmaximal concentration for activation was 38 µM (Figure 2C ). We previously showed that treatment of any of the TM1 cysteine mutants with MTS-verapamil did not inhibit verapamil-stimulated ATPase activity [15] .
To test whether activation of mutant L65C by MTS-verapamil was due to covalent attachment of verapamil, we treated the modified mutant with 20 mM of the reducing agent DTT (dithiothreitol) and then measured ATPase activity. Figure 3 shows that the presence of DTT almost completely abolished the enhanced ATPase activity of mutant L65C. After treatment with DTT, the activity of MTS-verapamil-treated mutant L65C could still be stimulated 10-fold with 1 mM verapamil (Figure 3) . These results show that attachment of MTS-verapamil to Cys 65 mimics the interaction of P-gp with the drug substrate verapamil.
We then tested whether labelling of mutant L65C with MTSverapamil could be inhibited by the drug substrate verapamil. The rationale for these experiments was that if residue L65C contributed to binding of MTS-verapamil, then the presence of verapamil should protect mutant L65C from being modified. We also tested whether Rhodamine B had any effect on labelling of mutant L65C by MTS-verapamil. It was shown that verapamil and Rhodamine B interact with P-gp at separate sites in the drugbinding pocket [41] . In this study [41] , it was found that the ATPase activity of mutant F343C in TM6 could be permanently activated by covalent attachment of MTS-Rhodamine. While the presence of bound Rhodamine prevented further stimulation of ATPase activity by drug substrates such as colchicine or calcein-AM, the activity could still be increased in the presence of verapamil [41] . Therefore Rhodamine and verapamil can bind simultaneously to P-gp.
Accordingly, BHK cells stably expressing mutant L65C were used for these studies because they do not show any variation in P-gp expression as observed with transient expression in HEK-293 cells. A potential problem with generating stable lines by selecting under very high drug substrate concentrations is that one could inadvertently select a cell line containing a different mutation in P-gp [42] . Therefore the BHK cells were selected using a relatively low concentration of vinblastine (2 nM) which inhibited growth of non-P-gp-expressing cells.
BHK cells stably expressing His-tagged L65C were harvested, solubilized with n-dodecyl-β-D-maltoside and then incubated with saturating levels of verapamil (2 mM) or Rhodamine B (3 mM) for 10 min at 20
• C. The samples were then reacted for 
min at 20
• C in the absence or presence of 0.1 mM MTSverapamil, as this was the minimum concentration that gave almost complete modification of mutant L65C ( Figure 2C ). The His-tagged mutant was then isolated by nickel-chelate chromatography that also removed the drug substrates (verapamil or Rhodamine B) and unchanged MTS-verapamil. Immunoblot analysis of the eluted samples showed that the presence of drug substrates did not affect the yield of P-gp-His 10 (results not shown). The eluted samples were mixed with lipid, sonicated and assayed for ATPase activity. Figure 4 shows that the presence of verapamil reduced the labelling efficiency of mutant L65C by MTS-verapamil by more than 80 %. In contrast, the presence of Rhodamine B during labelling with MTS-verapamil caused very little (< 10 %) reduction in labelling of mutant L65C (Figure 4) . These results are consistent with the finding that verapamil and Rhodamine bind in different areas of the drug-binding pocket and that covalent attachment of MTS-verapamil to Cys 65 leads to permanent occupation of the verapamil-binding site.
We then tested whether other drug substrates could still interact with mutant L65C that had been covalently labelled with MTSverapamil. The rationale was that substrates will not affect the ATPase activity of MTS-verapamil-modified mutant L65C if they occupy the same binding site as verapamil or if their binding site significantly overlaps that of verapamil, but will further stimulate or inhibit the activity if their binding sites are different from that of verapamil. The drug substrates calcein-AM, demecolcine, cyclosporin A and trans-(E)-flupentixol were chosen for the present study because calcein-AM and demecolcine are more potent stimulators of P-gp ATPase activity than verapamil, whereas cyclosporin A and trans-(E)-flupentixol are potent inhibitors of activity [24] . BHK cells stably expressing His-tagged mutant L65C were solubilized with n-dodecyl-β-D-maltoside and then treated with or without 0.3 mM MTS-verapamil. Histagged P-gp was then isolated by nickel-chelate chromatography, mixed with lipids from E. coli, sonicated and assayed for ATPase activity in the presence of saturating concentrations of calcein-AM (0.6 mM), demecolcine (3 mM), verapamil (1 mM), cyclosporin A (0.15 mM) or trans-(E)-flupentixol (0.6 mM). The composition of lipid surrounding P-gp has a great effect on the ATPase activity of P-gp [43] . The presence of sheep brain lipid gives relatively low levels of basal P-gp ATPase activity and high drug-stimulated ATPase activity when compared with activity in the presence of E. coli lipids. We used E. coli lipids because the higher basal ATPase activity made it easier for us to detect for inhibition of activity. Figure 5 (A) shows that in unmodified mutant L65C, verapamil stimulated the ATPase activity 4.6-fold, whereas calcein-AM and demecolcine stimulated the ATPase activity 7.0-and 5.9-fold respectively. In contrast, cyclosporin A and trans-(E)-flupentixol inhibited the basal activity 0.85-and 0.7-fold respectively. When mutant L65C was modified with MTS-verapamil however, its basal activity was increased 4.6-fold compared with an untreated sample ( Figure 5B ). The activity of the modified mutant was not markedly changed by the presence of the calcein-AM, demecolcine or trans-(E)-flupentixol. The presence of cyclosporin A, however, reduced the ATPase activity of the modified mutant to basal levels. These results suggest that modification of mutant L65C by MTS-verapamil blocks interaction of P-gp with drug substrates calcein-AM, demecolcine and trans-(E)-flupentixol, but not its interaction with cyclosporin.
The characteristics of the mutant L65C after labelling with MTS-verapamil suggested that Cys 65 lined the drug-binding pocket. Another method to test for this possibility is to test whether Cys 65 can be cross-linked to cysteine residues in the TMs of TMD2 that were previously shown to be involved in drug binding [15, 17] . Cross-linking between cysteines in TMD1 and TMD2 can be detected because the cross-linked P-gp migrates with lower mobility in SDS/polyacrylamide gels [25] . Accordingly, we constructed a series of double cysteine mutants that contained Cys 65 in TMD1 and another cysteine in TMD2 [F942C(TM11), T945C(TM11), L975C(TM12), V981C(TM12), V982C(TM12), G984C(TM12) or A985C(TM12)] predicted to line the drug-binding pocket [34] . The mutants were transiently expressed in HEK-293 cells. Membranes were prepared and cross-linked with or without a zero-length cross-linker (1 mM copper phenanthroline) or with 0.2 mM of the homobifunctional MTS cross-linkers, M4M, M8M, M11M or M17M containing spacer arms of various lengths [16] , for various times at 4
• C. Cross-linking was done at 4
• C to minimize thermal motion in the protein. The reactions were stopped by addition of SDS sample buffer containing 50 mM EDTA and no reducing agent and the samples were subjected to immunoblot analysis. Crosslinked product was not detected with copper phenanthroline (results not shown). Cross-linking, however, was observed in mutants L65C(TM1)/T945C(TM11), L65C(TM1)/V982C(TM12), L65C(TM1)/G984C(TM12) and L65C(TM1)/A985C(TM12) with the M8M, M11M and M17M cross-linkers. Figure 6(A) shows the results obtained with the M11M cross-linker. No cross-linked product was detected in the mutants L65C(TM1) ( Figure 6A ) or V982C(TM12) ( Figure 6B ) that were treated with the M11M cross-linkers. Similarly, no cross-linked products were detected when mutants T945C(TM11), G984C(TM12) and A985C(TM12) were treated with M11M (results not shown). Cross-linking with M11M was time-dependent as shown in mutant L65C(TM1)/V982C(TM12) ( Figure 6B ). Cross-linked product was detected within 4-8 min after addition of M11M cross-linker. These results are consistent with the prediction that Cys 65 lines the drug-binding pocket.
We previously found that labelling of Ile 306 (TM5) with MTSverapamil also caused permanent activation of P-gp ATPase activity [40] . Therefore we tested whether it was possible to further stimulate P-gp ATPase activity by labelling the double cysteine mutant, L65C(TM1)/I306C(TM5). Accordingly, Histagged mutant L65(TM1)/I306C(TM5) was expressed in HEK-293 cells. The cells were solubilized with n-dodecyl-β-Dmaltoside and insoluble material was removed by centrifugation. Equivalent amounts of the solubilized material were treated with or without 1 mM MTS-verapamil at 20
• C for 10 min and P-gp was isolated by nickel-chelate chromatography. The isolated P-gps were mixed with lipid, sonicated and ATPase activity was determined. Mutant L65C(TM1)/I306C(TM5) not treated with MTS-verapamil showed an 8.8-fold stimulation of ATPase activity with verapamil. The mutant showed a small (1.5-2-fold) reduction in apparent affinity for verapamil (S 50 ; 19.7 + − 1.4 µM), vinblastine (2.9 + − 0.2 µM) and colchicine (980 + − 61 µM) compared with Cys-less P-gp (Table 1) . Mutant L65C(TM1)/ I306C(TM5) showed only a 2.8-fold increase in activity after treatment with MTS-verapamil (Figure 7) , whereas mutant L65C showed >10-fold increase in activity ( Figure 2B ). Apparently, labelling of both Cys 65 and Cys 306 with MTS-verapamil reduced its activity when compared with labelling at one position. Labelling of mutant L65C(TM1)/I306C(TM5) with MTS-verapamil did not permanently disrupt the mutant P-gp because treatment of the MTS-treated L65C(TM1)/I306C(TM5) mutant with DTT resulted in a 7.8-fold increase in the verapamil-stimulated ATPase activity ( Figure 7 ).
DISCUSSION
Only one mutant in TM1, L65C, was able to adopt a conformation that permanently hydrolysed ATP after modification with MTSverapamil. The increase in activity was due to disulphide linkage of verapamil to P-gp because reduction of the modified protein with DTT returned the activity of the protein to basal levels. Attachment of MTS-verapamil to Cys 65 seems to mimic interaction of P-gp with verapamil because the ATPase activity of the MTS-verapamil-treated mutant L65C was very similar to that of untreated mutant L65C in the presence of saturating levels of verapamil. The results from the present study show that TM1 forms part of the drug-binding pocket.
There is supporting evidence that residues in TM1 are important for drug binding and for coupling ATPase activity to drug efflux. Mutational analysis of residues in TM1 showed that changes of His 61 , Gly 64 and Leu 65 to larger amino acids such as arginine altered the substrate specificity of human P-gp [44, 45] . In all three cases, mutation to arginine increased the ability of the mutant Pgps to confer resistance to colchicine, but reduced their abilities to confer resistance to vinblastine [45] . Smaller changes in substrate specificity were observed when these residues were changed to smaller amino acids such as alanine or cysteine [44] . The authors of these studies then suggested that His 61 , Gly 64 and Leu 65 formed part of the recognition site for substrates of P-gp. Our results are consistent with these early studies. We also found that mutation of either His 61 or Gly 64 to cysteine altered the apparent affinity of Pgp for verapamil, colchicine or vinblastine ( Table 1) . Arrangement of the residues in TM1 in a cylindrical helix ( Figure 8A) shows that residues that react with MTS-verapamil (L65C; the present study) show alterations in substrate specificity when mutated (H61C, G644C and L65C; [44, 45] ) or show ATP-dependent cross-linking (M68 and M69; [30] ) and occupy one face of the helix. Similarly, mutational analysis of the CFTR (cystic fibrosis transmembrane conductance regulator) protein that functions as a chloride channel also implicated TM1 in forming part of the channel [46] [47] [48] .
The face of the TM1 helix occupied by Leu 65 has also been implicated in P-gp conformational changes associated with ATP hydrolysis [30] . It was shown that cysteine residues introduced at positions 68 or 69 of TM1 could be cross-linked with oxidant to specific cysteine residues in TM11 during ATP hydrolysis but not in the presence of p[NH]ppA (adenosine 5 -[β,γ -imido]triphosphate). Since the present study has shown that L65C is involved in binding of verapamil, then cross-linking studies between TM1 and TM11 during ATP hydrolysis [30] would indicate that conformational changes in TM1 and TM11 probably contribute to the release of drug substrate during ATP hydrolysis. This may explain why drug substrate did not inhibit cross-linking between TM1 and TM11 during ATP hydrolysis. It is likely that the crosslinked products between TM1 and TM11 during ATP hydrolysis reflect a P-gp conformation in which the substrate has left the drug-binding pocket. Therefore TM1 appears to play a critical role in drug transport because of its importance in both drug binding and release of drug substrate during the transport cycle.
An important implication of the results of the present study is that verapamil can be covalently linked to cysteine residues in two different TMs [Cys 65 in TM1 (the present study) and Cys 306 in TM5 [40] ] and still cause permanent activation of ATPase activity. Labelling of both sites was protected by verapamil. Since MTS-verapamil contains a rather short spacer arm of two carbons and a sulphur atom (Figure 2A) , it is unlikely that verapamil attached to Cys 65 in TM1 occupies the identical site in the drugbinding pocket as verapamil that is attached to Cys 306 in TM6. This is supported by the findings that Cys 65 and Cys 306 that have been modified with MTS-verapamil have slightly different characteristics. While the ATPase activities of both mutants L65C and I306C modified by MTS-verapamil could not be further stimulated by calcein-AM or demecolcine, the inhibition of their activities were different. The ATPase activity of mutant I306C modified by MTS-verapamil could not be inhibited by cyclosporin A or trans-(E)-flupentixol [40] , whereas that of MTS-verapamilmodified mutant L65C was inhibited only by cyclosporin A ( Figure 5 ). This difference in sensitivity to inhibition by cyclosporin A suggests that both verapamil and cyclosporin A could bind simultaneously to mutant L65C, whereas covalent binding of verapamil to Cys 306 prevents cyclosporin A from occupying its normal binding site. Therefore the bound verapamil molecules in mutants L65C(TM1) and I306C(TM5) have different orientations (Figure 8B ), yet both are capable of permanently stimulating ATPase activity. It should be noted that not all orientations of covalently bound verapamil are capable of stimulating ATPase activity. In an earlier study, it was shown that modification of 15 other cysteine residues in the TMs by MTS-verapamil inhibited the ATPase activity of the enzyme [15] .
The ability of a compound to bind to a protein in multiple orientations has also been observed in the human nuclear xenobiotic receptor protein, PXR (pregnane X receptor) [49] . The crystal structure of PXR complexed with ligand showed that the ligand could assume multiple orientations within a large binding pocket.
The results from our studies suggest that the drug substrate could also assume multiple orientations in the drug-binding pocket. The ability of P-gp to accommodate verapamil molecules in different orientations may explain why R-and S-stereoisomers of verapamil show similar abilities to stimulate P-gp ATPase activity [50] .
Labelling of mutant L65C (TM1) (the present study) or Ile 306 (TM5) [40] with MTS-verapamil stimulated the ATPase activity of P-gp by more than 8-10-fold but labelling of the double cysteine mutant L65C(TM1)/I306C(TM5) with MTS-verapamil reduced the verapamil-stimulated ATPase activity of the enzyme (Figure 7) . The presence of two verapamil molecules in the drugbinding pocket may inhibit conformational changes associated with ATP hydrolysis. Recently, it was shown that ATP hydrolysis promotes interactions between the extracellular ends of TM1 and TM11 [30] . Therefore the presence of a permanently bound verapamil molecule at I306C may interfere with movement between TM1 and TM11 during ATP hydrolysis ( Figure 1B) , resulting in inhibition of ATPase activity. The decrease in ATPase activity of mutant L65C(TM1)/I306C(TM5) after treatment with MTS-verapamil may explain why relatively high concentrations of verapamil (> 1 mM) begin to inhibit ATPase activity. The presence of more than one verapamil molecule within the drugbinding pocket may start to jam the 'scissor-like' movement between the N-and C-terminal TM segments during the drug transport cycle [30] . In summary, the present study has shown that TM1 can contribute to the drug-binding pocket and that drug substrates can activate P-gp even when bound in different orientations. 
